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Receptors located in the posterior oral cavity and on the epiglottis play an important role in the initiation of upper airway reflexes 
such as swallowing, gagging, coughing and apnea. Peripheral nerves which innervate these receptor areas terminate in the nucleus 
tractus solitarius (NTS). We have recorded the responses of 61 neurons Jn the lamb NTS to stimulation of the caudal tongue, palate 
and epiglottis with mechanical, chemical and thermal stimuli and mapped receptive field location. Although there was some overlap in 
the areas of the NTS from which neurons with oral cavity and epiglottal receptive fields could be recorded, a significant difference was 
observed in the mean recording sites of the two groups of neurens. Neurons with oral cavRy receptive fields were located more rostral, 
lateral a~nd ventral in the hITS than neurons with receptive fields on the epiglottis. Little convergence of sensory input onto single ceils 
in the NTS was observed between the oral cavity and the epiglottis. Only one NTS neuron had a receptive field in both of these recep- 
tor areas. In contrast, a large number of neurons with oral cavity receptive fields received input from two receptor areas. These neu- 
rons had a receptive field on the tongue which was located directly beneath the receptive field on the palate. Mechanical stimuli were 
the most effective for neurons with either oral cavity or epiglottal receptive fields and thermal stimuli were the least effective. Neurons 
which responded to mechanical stimuli responded better to a moving stimulus than to a punctate one, and large increases in the 
strength of a punctate stimulus were required to elicit significant increases in response frequency. Most NTS neurons responded to 
more than one of the stimulus modalities. However, a significant difference in the mean number of stimulus modalities which elicited 
responses was observed between neurons with oral cavity and epiglottal receptive fields. The number of multimodal neurons with epi- 
glottal receptive fields was higher than those with oral cavity receptive fields. The multimodal nature of neurons which responded to 
epiglottal or oral cavity stimulation combined with their Ioc~,tion in reflexogenic areas of the NTS suggests that these neurons could be 
important in the integration of afferent input from the oral cavity and upper airway. If these NTS neurons are involved in the control of 
oral and upper airway reflexes it would be important for them to respond to as many of the stimulus cues as possible and the majority of 
these neurons do just that. 
INTRODUCTION 
Receptors  located in the posterior  oral cavity and  
la rynx play an impor tan t  role in the init iat ion of  up- 
pe r  airway reflexes such as swallowing, coughing, ap- 
nea  and  gagging 1s'3°'33"37"49"56. These reflexes can be 
evoked  by a variety of st imuli  4'30'55 and the type of  re- 
flex response  produced by per ipheral  s t imulat ion de- 
pends  on  the in teract ion of the st imulus and the spe- 
cific receptor  area s t imula ted  3s'sS'56. For example ,  
the most  effective receptor  areas for the init iat ion of 
swallowing and  apnea  are the regions on  and a round 
the laryngeal  surface of the epiglottis. Applicat ions 
of  a n u m b e r  of  different  st imulus modali t ies  will elicit 
these reflexes, bu t  chemical stimuli are the most  ef- 
fective 55"56'6°. In  contrast  to the actions of  chemical 
st imuli  on the  epiglottis,  s t imulat ion of the caudal 
tongue  and  palate with chemicals is less effective in 
eliciting swallowing, bu t  mechanical  s t imulat ion of 
these regions will of ten lead to swallowing, gagging 
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or reflexive tongue movements t9"~. 
Sensory information from the caudal oral cavity, 
epiglottis and larynx is conveyed centrally by nerves 
which terminate in the brainstem. One of the projec- 
tion areas of these sensory fibers is the nucleus trac- 
tus solitarius (NTS) 2a IAI,42,61. Most of the caudal oral 
cavity afferent fibers which terminate in the NTS do 
so in the rostral region where gustatory information 
is processed 2'15'22. 
However, some afferent fibers temtinate more 
caudally in regions of the NTS which receive afferent 
input from the epiglottis and larynx via the superior 
laryngeal nerve (SLN) 22"61. These more caudal re- 
gions of the NTS are important in the reflex initiation 
of swallowing and other upper airway reflexes 24"3~'54. 
Studies conducted using electrical stimulation of the 
peripheral nerves innervating the caudal oral cavity 
and epiglottis suggest that neurons in this reflexogen- 
ie region of the NTS receive input from these two re- 
ceptor areas  52,53. However, evidence using more nat- 
ural stimuli is currently limited, with most investiga- 
tions concentrating on the responses of neurons 
which receive information from upper airway recep- 
tor areas. 
Because reflexes of the upper airway can be pro- 
duced by stimulation with more than one stimulus 
modality, neurons in reflexogenic areas of NTS may 
play an integrative role in the processing of sensory 
information from the caudal oral cavity or epiglottis. 
Despite this fact, investigations of NTS neural re- 
sponses to stimulation of the caudal oral cavity or epi- 
glottis have usually concentrated on only one stimu- 
lus modality 62"64, or have concentrated on the rostral 
gustatory NTS 21. 44" 46"63. Consequently, little is known 
about the response characteristics of NTS neurons 
responsive to epiglotta! or caudal oral cavity stimula- 
tion that are located more caudally in the NTS. In 
lambs the structure, number and distribution of taste 
buds in the oral cavity and epiglottis have been de- 
scribed 7-9"4°, there is information on reflex responses 
to stimulation of structures in the upper airway 28,29,3t, 
and the lesponses of NTS neurons and glossopharyn- 
geal and SLN fibers to chemical stimuli have been re- 
ported 12"~'62. Furthermore, the large size of the lamb 
caudal oral cavity and epiglottis permits mechanical 
stimulation of restricted areas. Consequently, lambs 
were used in our investigation of the responses of 
NTS neurons to stimulation of the caudal oral cavity 
and epiglottis. The pres~nt study was designed to ex- 
amine the response characteristics of neurons in re- 
gions of the lamb NTS where afferent fibers from the 
caudal oral cavity and epiglottis both terminate. The 
purpose of the study was to determine whether neu- 
rons in this region receive converging inputs from dif- 
ferent receptor areas and to investigate the neural re- 
sponses to different stimulus modalities. 
MATERIALS AND METHODS 
Surgical preparation 
Thirty-six Suffolk lambs (aged 30-80 d~ys) were 
anesthetized with an i.v. injection of sodium pento- 
barbital (20 mg/kg) and placed on a heating pad ad- 
justed to maintain body temperature at 39 °C, mon- 
itored by rectal probe. The jugular vein was cannu- 
lated for administration of supplemental anesthetics 
and a tracheostomy performed close to the sternal 
notch. 
The epiglottis was exposed by making a midline in- 
cision from the first tracheal cartilage to the base of 
the epiglottis and retracting the walls of the larynx to 
expose the interior. The epiglottis was reflected cau- 
dally into the open larynx using a laryngoscope so 
that its laryngeal surface, on which the taste buds 
reside, ,vas visible through the incision, and the epi- 
glottis was held in this position with a su:ure 5s. The 
epiglottis was covered with saline-soaked cotton until 
stimulation commenced and the esopl~:agus was li- 
gated to prevent solutions from being ingested. Ex- 
posure of the oral cavity was accomplished by making 
a bilateral incision through the buccal walls to the ra- 
mus of the jaw. A string placed around the lower inci- 
sors retracted the lower jaw downward to expose the 
caudal areas of the oral cavity. The oral cavity was 
covered with water-soaked cotton until stimulation 
commenced. 
The animal was placed in a prone position and the 
head fixed with the nose downward in a stereotaxic 
frame. The skull and dura covering the medulla were 
removed, and the caudal cerebellum was aspirated to 
reveal the floor of the fourth ventricle. The exposed 
brain was then covered with paraffin oil at 39 °C. The 
stereotaxic frame was rotated 45 ° from horizontal to 
permit both stimulation of the epiglottis from below 
and stimulation of the caudal tongue and palate while 
recording from single brainstem neurons. 
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Neurophysio!ogy 
Using the obex as a zero reference point, epoxy- 
coated tungsten microelectrodes (2-3 Mf~ imped- 
ance) were positioned over the solitary complex and 
advanced into the brain with a micromanipulator. 
The search for responsive neurons concentrated on 
the intermediate one-third of the NTS from 3.0 to 5.0 
mm rostral to obex. This region was chosen because 
it receives afferent terminations from bot.h the lin- 
gual-tonsillar branch of the glossopharyngeal nerve 
which innervates the c~udal oral cavity, and the SLN 
which innervates the epiglottis 61. Furthermore, in- 
vestigations have shown that this area of the lamb 
NTS is involved in processing upper airway chemo- 
sensory information and is important for some upper 
airway reflexes 26'62. Electrode tracks were made be- 
tween 2.5-6.0 mm rostral to obex. The initial elec- 
trode track was located between 3.5-4.5 mm rostral 
to obex, and at the medial or lateral border of the 
NTS. From this initial location, subsequent tracks 
were made by systematically moving in medial-late- 
ral or caudal-rostral steps, to zigzag through the nu- 
cleus. Each successive electrode track was separated 
from the previous one by 300~m. 
The activity of single neurons was amplified, dis- 
played on an oscilloscope and monitored with an au- 
dio amplifier. Neural data was stored on one channel 
of a magnetic tape recorder with voice cues of experi- 
mental procedure on a second channel. Neural activi- 
ty was classified as coming from a single neuron on 
the basis of an action potential of constant amplitude 
and waveform. Single NTS neurons were located 
either by stroking the receptor areas with a soft 
brush, or by applications of warm and cool rinse solu- 
tions, or a mixture of the test chemical solutions. 
These stimuli have previously been shown to be ef- 
fective for lamb and sheep superior laryngeal and 
glossopharyngeal nerve fibers 12'39 and NTS neu- 
rons 1°,62. After a neuron was isolated, its receptive 
field was determined using a glass probe, or a chemi- 
cal soaked brush if the neuron was not responsive to 
mechanical stimuli. The receptive fields were 
mapped onto representative drawings of the oral cav- 
ity or epiglottis, and neural responses to mechanical, 
thermal and chemical stimuli recorded. 
Stimuli 
Chemical. Stimuli applied to the tongue and palate 
were 0.5 M KCI, 0.5 M NH4CI, 0.01 N HCI and 0.154 
M NaC! dissolved in distilled water. Distilled water 
also served as the rinse. Solutions applied to the epi- 
glottis were 0.5 M KCI, 0.5 M NH4CI, 0.01 N H a  
and distilled water. Although water does not elicit re- 
sponses from the posterior tongue, it does elicit a 
neural response in the SLN and NTS when applied to 
the epiglottis. Therefore, the chemicals whic~ were 
applied to the epiglottis were dissolved in 0.154 M 
NaCI which elicits minimal activity in the SLN fibers 
and NTS neurons during epiglottal stimulation s'12' 
ss.~2. This concentration of NaCI was also used as a 
rinse solution to remove chemical stimuli from the 
epiglottis. 
Syringes (10 ml) fitted with 19-gauge needles were 
used to deliver 10 ml of a stimulus solution to the re- 
ceptor areas. Each chemical solution remained on 
the mucosa for 20 s and was then removed by applica- 
tion of 40 ml of the appropriate rinse solution from a 
50 mi syringe. Stimuli were delivered at a flow rate of 
10 ml/12 s + 1 s and all chemical and rinse solutions 
were delivered at oral cavity-epiglottis temperature 
(33 °C). Stimuli for the oral cavity were applied in 
the following sequence: NH4CI, KCI, HCI, NaCI, 
NH4CI. Previous recordings from sheep glossopha- 
ryngeal nerve fibers demonstrated that NH4Ci elic- 
ited the largest response magnitude, so it was chosen 
as the standard for neurons with oral cavity receptive 
fields and applied twice in the stimulation sequence 
to monitor the stability of the preparation 39. Stimuli 
for the epiglottis were applied as follows: KCI, 
NH4CI, distilled water, HCI, KCI. For stimulation of 
the epiglottis KC! was chosen as the standard based 
on previous recordings from SLN fibers and NTS 
neurons with epiglottal receptive fields 12's8'62. At 
least 2 rain elapsed between stimulations to prevent 
cumulative adaptation 5~, and for 48% of the neurons 
the total sequence of stimuli was repeated. 
In addition to the application of chemical stimuli 
and the subsequent 40 ml of rinse, 10 ml of rinse solu- 
tion at oral cavity-epiglottis temperature was ap- 
plied from a 10 ml syringe during the stimulation se- 
quence before each application of the chemical stan- 
dard. These 10 ml rinses were used as a control to de- 
termine those portions of the evoked responses due 
only to the mechanical effects of flowing a solution 
over the receptor areas. 
Thermal. Thermal stimulation was accomplished 
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by applying 10 ml of cool or warm rinse solutions (wa- 
ter for the oral cavity, 0.154 M NaCi for the epiglot- 
tis) from 10 ml syringes fitted with 19-gauge needles. 
The temperatures of the rinse solutions were 25, 33, 
38, and 42 °C. The rinse solutions were delivered in 
the following steps: tongue-epiglottis temperature 
(33 °C) to 38 °C, 38 to 25 °C, 25 to 38 °C, 38 to 42 °C, 
42 to 38 °C. When a neuron received a second pre- 
sentation of the thermal stimuli the order of presen- 
tation was reversed. In order to control for the me- 
chanical effects of flow, the response to rinse solu- 
tions at tongue-epiglottis temperature was deter- 
mined as noted above and subtracted from the re- 
sponses produced by the different temperature rins- 
es. The thermal stimulation sequence was repeated 
for 44% of the isolated cells. 
Mechanical. Mechanical stimulation consisted of a 
moving glass probe (glass rod, 5 mm tip diameter), a 
moving soft brush, and punctate stim" at ion applied 
using a hand-held, modified Grass strain gauge (cir- 
cular brass stimulating surface, 5 mm in diameter). 
The strain gauge was connected to an amplifier and 
chart recorder which provided a permanent record of 
stimulation pressure. Punctate stimulation ranged 
from 1 to7 _+ 0.2g and was applied for 4 to 10s. Over 
85% of the neurons received repeated applications of 
the moving mechanical stimuli and punctate stimula- 
tion was applied at least twice for 55% of the neu- 
rons. 
Histology 
Following application of the different stimulus mo- 
ialities, the location of the recording site was marked 
by passing 35/~A DC for 3-5 s through the electrode. 
This produced a small lesion (35-45/~m diameter) at 
the recording site that did not impinge on adjacent 
electrode tracks which were 300/~m distant. At the 
end of the experiment the animal was given an over- 
dose of pentobarbital and perfused through the ca- 
rotid arteries with buffered saline followed by 10% 
buffered formalin. The brainstem from obex to the 
inferior colliculus was removed and stored in 30% su- 
crose-formalin until sectioned. The brain was cut 
coronally in 40 or 50/zm sections and mcanted on 
slides coated with chrom-alum. The tissue was 
stained using the Auletta method 65, and recording 
sites were marked on standard drawings of the lamb 
brainstem. 
Data anah~sis 
Recorded neural impulses were converted into 
standard electrical impulses using a window discrimi- 
nator. Intervals between pulses in milliseconds were 
measured with a microcomputer 6, and this informa- 
tion was then converted to frequencies (impulses/s). 
In order to analyze only that portion of responses due 
to a stimulus, mean spontaneous frequency was sub- 
tracted from evoked responses. The spontaneous fre- 
quency was calculated by averaging the 5 s immedi- 
ately preceding a stimulation and subtracting this 
mean from the response evoked by that stimulation. 
Furthermore, because many neurons responded to 
mechanical stimulation, the mean response frequen- 
cy due to the mechanical effects of flowing a stimulus 
solution over the receptive field also was subtracted 
from the total response. The mean response frequen- 
cy resulting from the mechanical effects of stimulus 
flow was determined by averaging the responses 
across the two 10 ml rinses which preceded applica- 
tions of the chemical standards during the chemical 
stimulation sequence. Therefore, the responses ana- 
lyzed represent responses only to the individual stim- 
ulus modalities. For those neurons which received re- 
peated presentations of the stimuli, the response was 
the average of these repeated presentations. 
Previous investigations of lamb NTS neurons have 
shown that the responses to some chemical stimuli do 
not attain peak frequency until some time following 
the onset of stimulation 62. Therefore, the presence of 
a response to chemical stimulation was defined as a 
difference in average adjusted response frequency 
(spontaneous frequency and response due to flow 
~ubtracted) during any 5 sequential seconds of the 
stimulation period greater than the mean _+ 2 S.D. of 
the spontaneous activity. This criterion permits the 
analysis of responses which show an increase or de- 
crease in response frequency with time. 
A response to thermal stimulation was defined as 
an increase or decrease in the adjusted response fre- 
quency during any 5 sequential seconds of the stimu- 
lation period greater than the mean spontaneous ac- 
tivity + 2 S.D. 
A neuron was considered responsive to a moving 
mechanical stimulus if its maximum 1 s adjusted re- 
sponse (spontaneous rate subtracted) during the 
stimulation period was greater than the mean sponta- 











Fig. 1. Anatomical reconstructions of recording sites in the lamb NTS. Open circles and filled circles represent recording sites of OC 
and E neurons, respectively. One neuron responsive to both OC and E stimulation is represented by the open square in the top right 
schematic. Although some overlap between recording sites of OC and E neurons was observed, the mean locations of these two 
groups of neurons were significantly different. Distances rostral to obex (in mm) of each representative brainstem section are given at 
the lower left of each section. PH, prepositus hypoglossi; TS, tractus solitarius; X, dorsal motor nucleus of the vagus; XII, hypoglossal 
nucleus. 
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tO punctate stimulation was defined as a increase or 
decrease in the first 1 s of  the stimulation period 
greater than the mean + 2 S.D. of the spontaneous 
activity. 
RESULTS 
Anatomica l  organization 
We recorded the responses of  63 single neurons 
responsive to stimulation of the caudal oral cavity or 
epiglottis. Two of  these neurons were located in the 
ventrolateral reticular formation near the nucleus 
ambiguus and were omitted from the analysis. The 
locations of  recording sites of  the remaining 61 single 
neurons are shown in Fig. 1. Neurons were located in 
the intermediate region of  the NTS between 2.4-5.9 
mm rostral to obex, 2 .7-4.7 mm lateral to the mid- 
line, and 1.7-3.8 mm ventral to the brainstem sur- 
face. The locations of  neurons with receptive fields in 
the oral cavity and those with receptive fields on the 
epiglottis are indicated by different symbols in Fig. 1. 
It is apparent that  although there was some overlap, 
neurons with caudal oral cavity receptive fields (open 
circles) tended to be located more rostral, lateral and 
ventral in the NTS than neurons with receptive fields 
located on the epiglottis (rifled circles). Neurons with 
receptive fields in the caudal oral cavity (OC neu- 
rons) were located between 2.5-5.9 mm anterior to 
obex, 3.2-4.8 mm lateral to the midline and 2.0-3.8  
mm ventral to the brainstem surface. Neurons with 
receptive fields on the epiglottis (E neurons) were lo- 
cated between 2.4-5.1 mm rostral to obex, 2 .7-4.7 
mm lateral to the midline and 1.7-3.7 mm ventral to 
the surface of  the brainstem. The mean recording 
sites of the different groups of neurons are given in 
Table !. A comparison of  the mean recording sites of  
OC and E neurons indicated that the locations of  
these two groups were significantly different in all 
three coordinates (two-tailed t-test: anter ior-poste-  
rior, t = 2.62, P = 0.01; medial-lateral, t = 2.69, P = 
0.009; dorsal-ventral ,  t = 4.14, P = 0.0001). 
TABLE I 
Mean recording sites and standard errors (in ram) for neurons 
isolated in the lamb NTS 
All neurons OC neurons E neurons 
Anterior m obex 3.9 + 0.1 4.2 + 0.2 3.7 + 0.1 
Lateral to midline 3.7 --4- 0.1 3.9 + 0.1 3.6 _+ 0.1 
Ventral to surface 2.6 + 0.l 3.0 + 0.1 2.5 _ 0.1 
In addition to the neurons responsive to either oral 
cavity or epiglottal stimulation, one neuron had re- 
ceptive fields in both receptor areas (open square, 
4.0 mm rostral to obex in Fig. 1). This neuron had re- 
ceptive fields on the epiglottis and caudal soft palate 
and was located in an area of  the NTS where the larg- 
est numbers of  E neurons (14/39) were isolated. Fur- 
thermore,  this region of  the NTS was the area in 
which the recording sites of  OC neurons were inter- 
mingled among the recording sites of  E neurons (the 
schematic drawings from 3.0-4.5  mm rostral to obex 
in Fig. 1), 
General  response characteristics 
Of the 61 NTS neurons 22 had receptive fields lo- 
cated in the caudal oral cavity. Based on the location 
of  the receptive field there were 3 different types of  
OC neurons. Six OC neurons had their receptive 
field restricted to the caudal tongue, 6 neurons re- 
sponded only when the caudal palate was stimulated 
and 10 neurons had two receptive fields, one on the 
tongue and one on the palate. An  example of an OC 
neuron with both tongue and palate receptive fields is 
shown in Fig. 2. This neuron responded to both me- 
chanical and thermal stimuli. The locations of  this 
neuron's receptive fields can be seen in the two sche- 
matic drawings. Stimulation of  the palate resulted in 
a decrease in the ongoing neural activity, whereas 
stimulation of  the tongue produced increases in re- 
sponse frequency. This antagonism produced by 
stimulation of  the two receptive fields was observed 
in two of  the 10 OC neurons with receptive fields on 
Fig. 2. Oscillograph tracings of responses from an NTS neuron which had receptive fields located opposite each other on the tongue 
and palate. This neuron responded to both mechanical and thermal stimuli applied to either receptive field. Stimulation of the tongue 
with either stimt,,lus modality produced an increase in activity whereas stimulation of the palate decreased ongoing activity. The loca- 
tions of this neuron's receptive fields are shown in the two, inset schematic drawings. The solid lines beneath each recording denote pe- 
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Fig. 3. Oscillograph tracings of responses from an NTS neuron whose receptive field was located on the laryngeal surface of the epi- 
glottis. This neuron responded to both chemical and mechanical stimuli. Onsets of the chemical stimuli are denoted by arrows; onsets 
of the poststimulus rinses by filled circles. Periods of mechanical stimulation are indicated by solid lines. The location of this neuron's 
receptive field is shown in the schematic drawing at the upper right. The time bar applies to all recordings. 
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both the tongue and palate. The remaining 8 neurons 
showed complementary (both excitatory) responses. 
Thirty-eight of the NTS neurons had receptive 
fields located on the epiglottis. An example of this 
group of neurons is shown in Fig. 3. This neuron re- 
sponded to chemical and mechanical stimulation of 
the receptive field shown in the schematic drawing at 
the upper right of the figure. 
The spontaneous rates of both OC and E neurons 
were generally quite slow, with the mean sponta- 
neous activity ranging from 0 to 15.8 impulses/s. Nine 
neurons were not spontaneously active and a majori- 
ty of the remaining neurons had mean spontaneous 
rates of less than 1.5 impulse/s (31/52). There was no 
significant difference in the spontaneous activity of 
OC neurons (~ = 1.8 + 0.65 S.E.M.) and E neurons 
(,t = 2.7 + 0.64). 
The NTS neurons isolated in the present study fre- 
quently responded to more than one of the 3 stimulus 
modalities. Fig. 4A shows that over 68% of the NTS 
neurons responded to two or all 3 stimulus mo- 
dalities. The number of stimulus modalities which 
neurons responded to was somewhat dependent 
upon the location of their receptive fields. In Fig. 5A 
the percentage of OC neurons which responded to 
only one, two or "all 3 of the stimulus modalities is 
compared with the percentage of E neurons in each 
category. A larger percentage of OC than E neurons 
















MODALITIES STIMULUS TYPE 
Fig. 4. A: percentage of all neurons which responded to only 
one, two or all 3 of the stimulus modalities. Sixty-eight percent 
of NTS neurons responded to more than one of the 3 stimulus 
modalities used in the current study. B: percentage of all neu- 
rons which responded to mechanical, thermal or chemical stim- 
uli. 
responded to just a single stimulus modality. In all 
cases the modality-specific OC neurons responded to 
mechanical stimuli, while most modality specific E 
neurons responded to chemical stimuli. More E than 
OC neurons responded to two of the stimulus mo- 
dairies. The modality combination most frequently 
observed for E neurons responsive to two stimulus 
modalities was chemical and mechanical (95%), 
whereas a mechanical and thermal combination was 
observed most often in OC neurons. The number of 
OC and E neurons which responded to all 3 of the 
stimulus modalities was quite similar. A comparison 
of the mean number of stimulus modalities which 
elicited activity in OC (~ = 1.7 + 0.17) and E (,~ = 2.1 
_+ 0.11) neurons demonstrated that OC neurons re- 
sponded to a significantly smaller number of the 3 
modalities than E neurons (two-tailed t-test, t = 2.0, 
P < 0.05). 
Fig. 4B shows the percentage of NTS neurons 
which responded to the different stimulus types. Me- 
chanical stimulation was the most effective eliciting 
responses from 91% of the neurons. Chemical stimuli 
were also quite effective, while thermal stimuli were 
relatively ineffective. As shown in Fig. 5B, the re- 
sponse to an individual stimulus type was also depen- 
dent upon the receptor area from which a neuron re- 
ceived sensory input. Mechanical stimulation was an 
effective stimulus for both OC and E neurons. Every 
OC neuron and 85% of the E neurons responded to 
at least a moving mechanical stimulus. Although less 
effective than mechanical stimuli, thermal stimuli 
elicited responses in about the same percentage of 
OC and E neurons (32 and 29%, respectively). The 
major difference between OC and E neurons was in 
the number of cells which responded to chemical 
stimuli. A significantly smaller number of OC than E 
neurons showed responses to chemical stimuli (Fisch- 
er-Exact test, x 2 = 31.23, P < 0.0001). 
Responses to mechanical stimuli 
Mechanical stimuli were the most effective of the 3 
stimulus modalities. Fig. 6A shows that most mecha- 
nosensitive neurons responded to moving and punc- 
tate stimuli. Responses to both types of mechanical 
stimulation were observed in 55% of the OC neurons 
and almost 80% of the E neurons. Only 22% of the 
NTS neurons responded just to a moving stimulus 
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Fig. 5. A: a comparison of the percentage of oral cavity and epiglottal neurons which responded to one, two or all 3 of the stim,.,.lus mo- 
dalities. The majority of OC neurons responded to only one of the stimulus modalities whereas most E neurons responded to two or all 
3. B: comparison of the percentage of oral cavity and epiglottal neurons which responded to different types of stimuli. While mechan- 
ical and thermal stimufi were effective for both OC and E neurons, there was a large difference in the effectiveness of chemical stimuli 
for these two groups of neurons. Note that the ordinates of A and B are scaled differently. 
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Fig. 6. A: percentage of mechancsensitive neurons which responded only to a moving stimulus or to both a moving and ponctate stimu- 
Ills. Some neurons with both a tongue and a palate receptive field had a mixed response in that they responded to both types of me- 
chanical stimuli on one of the receptive fields, but only to a moving stimulus on the other. B: percentage of thermosensitive neurons 
which responded to cooling, warming or both cooling and warming stimuli. 
tion. The numbers of OC and E neurons which re- 
sponded only to a moving stimulus were about equal. 
Neurons which showed a mixed response to the two 
types of mechanical stimuli comprised a subset of the 
neurons which had both tongue arid palate receptive 
fields. These neurons would respond to stimulation 
of both fields with a moving mechanical stimulus, but 
a punctate stimulus evoked a response only when it 
was applied to one of the two fields. Of the 11 neu- 
rons with two receptive fields, 5 showed this mixed 
type of response. 
The range and mean 1 s maximum responses to 
moving mechanical stimuli are shown in Table II. For 
OC neurons the brush or glass probe were about 
equally effective stimuli while stimulating the epi- 
glottis with a soft brush was slightly more effective 
than stimulation with a glass probe. 
For both OC and E neurons punctate stim,lli be- 
tween 2 and 7 g pressure were quite effective. All of 
the neurons responsive to punctate stimuli responded 
to at least one stimulus within this range and 90% re- 
sponded to all 6. Stimulation at I g was less effective 
in eliciting responses with a greater percentage of E 
(70%) than OC (58%) mechanosensitive neurons re- 
sponding to this strength of stimulation. The mean 
response frequencies produced by different strengths 
of punctate mechanical stimulation are shown in Fig. 
7 for OC and E neurons. This figure shows that across 
the population of NTS neurons, the response fre- 
quencies produced by punctate mechanical stimula- 
tion of the epiglottis were always greater than those 
observed to an equivalent magnitude of stimulation 
applied to the OC. A comparison of the responses of 
these two groups of neurons across all levels of stimu- 
lation demonstrated that E neurons had a significant- 
ly larger response than OC neurons (F(1,45) = 9.97, 
P = 0.003). Also evident in Fig. 7 is that both OC and 
E neurons showed relatively small increases in re- 
sponse frequency with increases in stimulus strength. 
TABLE If 
Range (imp,dsesls) and mean maximum 1 s response (impul- 
ses/s) to moving mechanical stimuli 
OC neurons E neurons 
Glass probe 2.0-68 4.0-84 
20.2 + 2.5 S.E.M. 26.1_+3.4 
Brush 2.0-63 4.0-120 
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Fig. 7. Mean response frequencies and standard errors of the 
mean of oral cavity and epiglonal neurons to the different in- 
tensities of punctate mechanical stimulation. Results of a pair- 
wise comparison between the means within each group are 
coded by the letters adjacent to the mean values (ANOVA for 
repeated samples~ Tukey combined with Bonforoni for pair- 
wise comparisons, P < 0.05). a, significantly different from epi- 
glottal means at 4, 5, 6 and 7 g; b, significantly different from 5, 
6 and 7 means; c, significantly different from 7 g mean; d, sig- 
nificantly different from 7 g oral cavity mean. Note that the 
mean responses of E neurons were always larger than OC neu- 
rons for a given stimulus strength. 
This was particularly true for OC neurons, where a 
significant increase in the response frequency was 
only observed between the weakest and strongest 
strengths of punctate mechanical stimulation. As 
noted above OC neurons also showed relatively little 
discrimination to different strengths of a moving 
stimulus as is evident by the similar mean responses 
produced by stimulation with either the glass probe 
or brush (Table II). As a group, E neurons showed 
slightly more sensitivity to increases in punctate me- 
chanical stimulation (Fig. 7). However, like OC neu- 
rons, increases in stimulus strength required to pro- 
duce a significant increase in response frequency of E 
neurons were relatively large, and no significant dif- 
+ferences were observed between stimulus strengths 
of 5 g or greater. 
Responses to chemical stimuli 
In the area of the NTS sampled in the present 
study, applications of chemical stimuli were much 
more effective in eliciting responses when placed on 
the laryngeal surface of the epiglottis than either the 
tongue oz the palate. Only one E neuron did not re- 
spond to chemical solutions. Table II! presents the 
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mean response magnitudes produced by the different 
chemical stimuli in OC and E neurons. For E neurons 
KC! was the most effective chemical stimulus, elic- 
iting responses in all chemosensitive E neurons and 
producing the highest response frequency. HCl, dis- 
tilled water and NH4CI also were quite effective, pro- 
ducing responses in 91, 89 and 83% of the E neurons, 
respectively. Of  the chemosensitive E neurons four 
responded exclusively to chemical stimuli. 
Chemical stimuli delivered to the oral cavity were 
relatively ineffective for the OC neurons in the re- 
gion of the NTS sampled in the present study. Only 6 
neurons responded to chemical stimuli. Three of 
these neurons had receptive fields on the tongue and 
two had palate receptive fields. The one remaining 
neuron had both tongue and palate receptive fields, 
but responded to chemical stimuli only when they 
were placed on the caudal tongue. All receptive 
fields of OC neurons responsive to chemical stimula- 
tion of the tongue were Iocated over the vanate papil- 
lae, while receptive fields on the palate were located 
on the soft palate. The most effective stimulus for OC 
neurons was NH4Ci which produced responses in 
100% of the chemosensitive neurons. Stimulation 
with KCI and HC! produced responses in 83% of the 
chemosensitive neurons and 0.15 M NaCI was the 
least effective stimulus generating responses in only 
two of the 6 cells. NH4CI also elicited the largest 
mean response magnitude of the four stimuli, fol- 
lowed by KCI, NaCl and HCI (Table IIi).  OC neu- 
rons which responded to chemical stimuli were al- 
ways responsive to at least one of the other stimulus 
modalities. 
Responses to thermal stimuli 
Of the 3 stimulus modalities tested in the present 
study, thermal stimuli were the least effective for 
both OC and E neurons. Less than one-third of the 
TABLE III 
Mean response freqaency (impulses/s) produced by chemical 
stimuli 
OC neurons E neurons 
KCI 21.5 + ll.4S.E.M. 32.3 + 3.9 
NI-I4CI 24.2 + 13.7 5.9 + 1.5 
HCi 7.4 + 3.2 19.9 _+ 2.6 
Distilled water - 14.8 + 2.1 
NaCI 14.9 + 5.5 - 
isolated cells responded to this stimulus modality (see 
Fig. 4B). Fig. 6B shows that the majority of the ther- 
mosensitive neurons responded to cooling. Cooling 
was effective for both OC and E neurons eliciting re- 
sponses in 63 and 70% of the thermosensitive cells, 
respectively. A temperature drop from 38-25 =(2 
produced a mean response frequency of 11.4 _+ 4.2 
impulses/s in thermosensitive OC neurons and 9.9 + 
2.6 impulses/s in E neurons. A smaller reduction in 
temperature from 42 to 38 °(2 evoked mean response 
frequencies of 8.55 _+ 3.1 and 4.0 _+ 2.0 impulses/s in 
OC and E neurons, respectively. 
Also shown in Fig. 6B is that applications of warm 
stimuli were relatively ineffective. Only 17% of the 
thermosensitive neurons responded exclusively to 
warming. A temperature increase from 38 to 42 °C 
was the most effective wanning stimulus and pro- 
duced a mean response frequency of 4.6 _+ 1.8 impul- 
ses/s in these neurons. Like neurons which responded 
to wanning, neurons which responded to both cool- 
ing anti warming were observed infrequently (17%). 
All neurons which responded to both thermal stimuli 
exhibited a larger response frequency when the re- 
ceptive field was cooled than when warmed. 
Receptive fields 
The receptive fields of neurons which responded to 
oral cavity stimulation were located in the ipsilateral 
oral cavity or straddled the midline. The locations of 
the receptive fields for each of the 22 OC neurons are 
shown in Fig. 8. The receptive fields of the 6 0 C  neu- 
rons that responded only to stimulation of the caudal 
tongue are shown in the schematic drawing at the top 
of the figure. The receptive fields of these neurons 
were for the most part clustered around rostral val- 
late papillae and were of moderate size. The loca- 
tions of the receptive fields for the 6 of the OC neu- 
rons which had receptive fields restricted to the cau- 
dal palate are shown in the second schematic drawing 
of Fig. 8. Most of the receptive fields were located on 
the caudal hard palate or at the border of the hard 
and soft palate. The receptive fields of these neurons 
tended to be larger than neurons with receptive fields 
restricted to the tongue. The receptive field locations 
for the remaining 10 OC neurons which responded to 
stimulation of both the caudal palate and caudal 
tongue are shown in the bottom four schematic draw- 
ings of Fig. 8. For comparison, the two receptive 
fields of  each neuron are similarly shaded. It is evi- 
dent in Fig. 8 that the location of  a neuron's receptive 
field on the tongue was beneath its receptive field on 
the palate (see also Fig. 2). Furthermore, the size of  
the two receptive fields were usually quite similar. 
All neurons which responded to stimulation of  the 
epiglottis had receptive fields located on the ipsilater- 
al laryngeal surface. The receptive fields were gener- 
TONGUE-ONLY NEURONS 
PALATE-ONLY NEURONS 
TONGUE & PALATE NEURONS 
o o oO?:: 
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ally located near the base (see Fig. 3), and along the 
lateral edges of  the epiglottis where the majority of  
epiglottal taste buds are located ~. A wide range in 
the size of  the receptive fields was observed. Some 
neurons had receptive fields which were about ! mm 2 




The large numbers of multimodal neurons ob- 
served in the NTS regions that we sampled suggest 
that these neurons play an important role in integra- 
tion of sensory information from the oral cavity and 
epiglottis. Responses to more than one stimulus mo- 
dality were particularly characteristic of  E neurons; 
88% of E neurons responded to more than one stimu- 
lus modality. The ability to integrate information is 
important for these neurons because the receptors lo- 
cated on the laryngeal surface of the epiglottis are im- 
portant in the initiation of reflexes which prevent the 
aspiration of liquids and foods 37. Detection of  an in- 
truding foreign object would be enhanced if informa- 
tion from all stimulus modalities could be utilized. 
Our results confirm and extend previous investiga- 
tions which have suggested that most NTS neurons 
with epiglottal receptive fields were responsive to 
chemical and moving mechar,~.cal stimuli ~2. Howev- 
er, multimodal neurons are not unique to regions of 
the NTS where E neurons were located. Investiga- 
tions of more rostral, gustatory regions of  the NTS in 
sheep, rats and frogs, and the analogous facial lobe in 
carp have reported that large numbers of  chemosen- 
sitive neurons were also responsive to mechanical or 
Fig. 8. Locations of receptive fields for 22 neurons which re- 
sponded to stimulation of the oral c~vity. The top two schemat- 
ic drawings show the receptive fields of OC neurons which had 
responded to stimulation of only one receptor area. The bot- 
tom four drawings show the two receptive fields of each neuron 
which responded to stimulation of both the tongue and palate. 
Ten such neurons were isolated, and for clarity the receptive 
fields of 5 neurons have been mapped on each pair of schematic 
drawings. For comparison, the two receptive fields of an indi- 
vidual neuron have been similarly shaded. Note that these neu- 
rons usually had receptive fields on the tongue that were lo- 
cated beneath the receptive field on the palate. The border of 
the lamb hard and soft palate is located at approximately the 
level of the last molar. 
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thermal stimuli or all 3 stimulus modalities ~°'a3"34" 
3s,44,46. Thus the multimodal nature of NTS neurons 
which receive chemosensory information from the 
epiglottis is similar to that observed in rostral NTS 
neurons which receive oral cavity chemosensory in- 
puts. 
The NTS neurons with oral cavity receptive fields 
tended to respond to a smaller number of stimulus 
modalities, as is reflected by the larger number of 
modality-specific OC neurons (see Fig. 5A). The vast 
majority of modality-specific OC neurons responded 
only to mechanical stimuli. Behavioral and physio- 
logical studies have shown that mechanical stimula- 
tion of the caudal oral cavity and pharynx is more ef- 
fective than chemical or thermal stimuli in eliciting 
oral cavity and upper airway reflex responses 3s'56"66. 
Therefore it is perhaps not surprising that fewer OC 
neurons responsive to both mechanical and chemical 
or mechanical and thermal stimuli were observed in 
the reflexogenic areas of the NTS which we sampled. 
More chemosensitive responses would be expected 
from neurons in more rostral NTS regtens that re- 
ceive input primarily from circumvallate papillae. 
Although there were fewer multimodal OC than E 
neurons, almost 44% of the OC neurons did respond 
to more than one stimulus modality. One of the func- 
tions of the receptors of the oral cavity is to provide 
information on the position and size of stimuli which 
is important for such oral activities as mastication and 
swallowing. The information which is relayed from 
the oral cavity to the reflexogenic areas of the NTS 
could provide just such information. 
Mechanical, chemical and thermal responses 
Both the oral cavity and epiglottis are richly sup- 
plied with mechanoreceptors 19. A number of studies 
have investigated responses of NTS neurons to me- 
chanical stimulation; however, in most of these ex- 
periments the stimulation was restricted to brushing 
receptor areas with a probe, so the effects of a sta- 
tionary stimulus could not be determined. In our in- 
vestigation responses to punctate stimuli were ob- 
served less frequently and were of smaller magnitude 
in both groups of NTS neurons when compared to re- 
sponses elicited by a moving stimulus. This finding is 
similar to that reported by Gentle e°. He noted that 
the majority of neurons in the NTS of the chicken 
were less sensitive to sustained mechanical pressure 
than movement of the stimulus over the receptive 
field. Also, investigations of the reflex elicitation of 
swallowing have demonstrated that a moving me- 
chanical stimulus was more effective than a station- 
ary one for the elicitation of swallowing and the ini- 
tiation of responses in the SLN 59"6°. 
Increases in the strength of punctate stimulation 
produced only moderate increases in response fre- 
quency (Fig. 7). Similar results have been reported 
for some mechanosensitive neurons in the trigeminal 
nuclei 17 and superior colliculus 32. The strong re- 
sponses of NTS neurons to a moving stimulus and 
their failure to reflect much intensity information 
suggests that the mechanical information relayed to 
the NTS is important for the elicitation of reflex be- 
havior rather than determining stimulus quality; to 
protect the upper airway only the presence of a stim- 
ulus is truly important. Qualitative mechanosensory 
information is probably relayed to forebrain struc- 
tures by pathways other than the NTS. 
However, it is possible that the apparent lack of in- 
tensity coding may reflect the limited range of stimu- 
lus pressures employed in the present study. Investi- 
gations of trigeminal neural responses to mechanical 
stimulation have shown that low threshold and wide 
dynamic range mechanosensitive neurons respond to 
stimulus forces of less than one gram LS°. Further- 
more, wide dynamic range neurons in the trigeminal 
nucleus show large increases in response frequency 
when strong or noxious stimuli are applied. Applica- 
tions of very weak or noxious mechanical stimuli may 
have revealed more intensity information precessing 
by NTS neurons. 
Mechanical information from receptors in the oral 
cavity and epiglottis also appears to be important for 
the reflex control of muscle movements. For exam- 
ple, mechanical stimulation of the rat's tongue 
evokes bursts of efferent activity in hypoglossal 
nerve branches supplying the tongue protrusive and 
retractive muscles 6°. The reflexive tongue move- 
ments elicited by mechanical stimuli are probably im- 
portant in the manipulation of a food bolus during 
mastication and the subsequent positioning of the bo- 
lus in preparation for swallowing. The subpopulation 
of OC neurons with two receptive fields positioned 
opposite each other on the tongue and palate would 
appear to be uniquely organized to take part in such a 
function; these neurons could provide precise infor- 
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mation about the location of a stimulus within the 
oral cavity. 
The response characteristics of NTS neurons to 
stimulation of the epiglottis wit.h chemical stimuli 
were similar to those reported previously 62. The re- 
sponses of OC neurons to chemical stimuli were com- 
parable to those seen in the periphery of lamb and 
sheep 39. In the lamb glossopharyngeal nerve, 0.5 M 
NH4C! produces the largest magnitude of response 
followed by 0.5 M KCI. These two stimuli had the 
same order of effectiveness in NTS neurons. A con- 
centration of 0.5 M NaCI was less effective in elic- 
iting glossopharyngeal nerve responses than either of 
the other two salts. Therefore, the fact that only a 
few NTS neurons were responsive to the concentra- 
tion used in the present study (0.154 M) is not surpris- 
ing. HC! was less effective than either 0.5 M NH4CI 
or KCI which was similar to results for the lamb glos- 
sopharyngeal nerve 39. 
It is perhaps surprising that more neurons respon- 
sive to chemical stimulation were not found in our in- 
vestigation. Anatomical studies suggest that nerves 
from the caudal oral cavity project not only to the 
rostral gustatory portions of the NTS, but also send 
small projections to the areas of the NTS from which 
we sampled single neurons 2'22'61. From our results it 
seems that the majority of chemosensory information 
from the caudal oral cavity is relayed to the more ros- 
tral areas of the NTS rather than the areas from 
which we recorded. 
Compared to mechanical and chemical stimuli, 
thermal stimuli was not as effective in eliciting re- 
sponses in our sample of NTS neurons. The region of 
the NTS which we sampled has been linked to swal- 
lowing 13"26'2s in sheep and behavioral studies have 
suggested that temperature is a relatively ineffective 
stimulus for the elicitation of this reflex 3s'6°. Thus, 
the ineffectiveness of thermal stimuli may reflect a 
weak input to this region from peripheral thermore- 
ceptors. In contrast, investigations of gustatory neu- 
rons in the rostral NTS have reported that the majori- 
ty of neurons responsive to taste stimuli were also 
sensitive to thermal stimuli 34"48. In general, these |at- 
ter studies of gustatory neurons did not look for cells 
which responded exclusively to thermal stimuli, so in- 
formation as to their presence in other regions of the 
NTS is currently lacking. However, in the present 
study we found that like the rostral NTS, neurons 
which did respond to temperature generally respond- 
ed to at least one of the other stimulus modalities. 
Thus it may be characteristic of the NTS that neurons 
which respond exclusively to thermal stimuli are rela- 
tively rare. 
The most common response to thermal stimulation 
was observed to cooling the oral or epiglottal muco- 
sa. The prevalence of neurons responsive to coofing 
rather than warming also has been observed in the 
NTS of other species 2°.34.4s. Responses to thermal 
stimuli were occasionally observed in neurons which 
also responded to mechanical stimuli. This modality 
combination has previously been seen throughout 
the trigeminal nucleus st and was a combination ob- 
served in the NTS of the chicken 2°. 
As noted above, studies of more rostral gustatory 
regions of the NTS in rats suggest that thermal stimuli 
are quite effective, but our results indicate that it is a 
less effective stimulus for neurons with oral cavity or 
epiglottal receptive fields located in the more caudal 
regions of the NTS. Although thermal stimuli appear 
to be less effective stimuli for neurons in the caudal 
reflexogenic regions of the NTS some studies have 
suggested a role for thermal stimuli in certain laryn- 
geal and tongue reflexes 36"66. Whether the thermo- 
sensitive NTS neurons sampled in the present investi- 
gation are involved in these reflexes will require fur- 
ther investigation. 
Anatomical organization 
The recording sites of the neurons were located in 
NTS areas which receive afferent i~.put from the cau- 
dal oral cavity and epiglottis. The sites from which 
the majority of E neurons were isolated (4.5-3.0 mm 
rostral to obex) correspond to regions of the lamb 
and sheep NTS which receive the largest number of 
SLN terminations 13"27'6~. This area of the NTS has 
been found to contain neurons which respond to stim- 
ulation of the epiglottis with cbemical or mechanical 
stimuli 62 and electrical stirfmlation of the SLN 13"53. 
Furthermore, this area of ~he NTS has been impli- 
cated in the control of swallowing and some oral and 
respiratory reflexes 24"2s'2s'33̀ 54. 
Some overlap was observed in the recording sites 
of OC and E neurons. However, as a group OC neu- 
rons were located significantiy rostral, lateral and 
ventral to E neurons, a finding similar to that re- 
ported in investigations of the reflexogenic areas of 
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the cat NTS 53. This separation of OC and E neurons 
reflects the underlying organization observed in ana- 
tomical studies. In areas of the lamb NTS where both 
caudal oral cavity and upper airway afferent fibers 
terminate, the sensory fibers from the upper airway 
tend to be located more medial and ventral in the nu- 
cleus 16.61. Furthermore, the small numbers of OC 
neurons found in regions of the NTS where primarily 
E neurons were located confirms anatomical studies 
which have shown that the afferent nerves w~ich in- 
nervate the caudal oral cavity send only minor pro- 
jections to this area 2"15"22"61. Small numbers of OC 
neurons were recorded from the area of the lamb 
NTS which receives dense projections from the glos- 
sopharyngeal nerve (6.0 mm rostrai to obex). These 
more rostral OC neurons had receptive fields located 
on the tongue, but responses to chemical stimuli were 
not observed more frequently in these rostral OC 
neurons compared to OC neurons located further 
caudal in the nucleus. However, the small numbers 
of neurons sampled at these most rostral locations 
may not be representative of this area as a whole. 
Receptive fields 
Only one neuron in our sample responded to stim- 
ulation of both the epiglottis and caudal oral cavity. 
This suggests that there is little convergence onto 
NTS neurons of sensory information from receptor 
populations located in the oral cavity and on the epi- 
glottis. Our resvlts agree with those reported by 
Sessle 52 who investigated the responses of neurons in 
the reflexogenic regions of the cat NTS. Using elec- 
trical stimulation of the glossopharyngeal and SLN, 
he reported only about 3.5% of NTS neurons re- 
ceived converging input which is similar to the 1.5% 
observed in the present study. Other investigations 
. . . . .  s , ~ e ~ e ,  ,.onvelsen~e of glossophary~geal and 
SLN in the brainstem using electrical stimulation of 
the afferent nerves TM. In some cases the differences 
between the present study and these latter ones can 
be attributed to the location of the neurons. Biscoe 
and Sampson 3 recorded primarily from neurons in 
the reticular formation beneath the NTS. Sessle 52 has 
shown that reticular formation neurons are much 
more likely to receive converging inputs than neu- 
rons in regions of the NTS receiving laryngeal input. 
Furthermore, another difference between our find- 
ings and those of others is that electrical stimulation 
of the entire peripheral nerves was used by other in- 
vestigators. Caution must be used when interpreting 
the results of whole nerve stimulation studies. Be- 
cause both the SLN and glossopharyngeal nerve con- 
tain fibers responsive to mechanical, chemical and 
thermal stimuli, stimulation of the whole nerve 
would activate all these fibers simultaneously which 
may not be the case with more natural stimuli. In ad- 
dition, electrical stimulation of the glossopharyngeal 
nerve would stimulate not only the fibers which in- 
nervate the caudal tongue, but also those which in- 
nervate the pharynx, while stimulation of the SLN 
would stimulate laryngeal receptors which might not 
lie on the epiglottis. In the current study, stimulation 
of the pharynx was not performed and stimulation of 
this area might have led to an increase in the amount 
of observed convergence. The fact that one of the 
most effective sites for the initiation of some upper 
airway reflexes is the pharynx 37'47'56 suggests that the 
convergence observed by some studies using electri- 
cal stir:~t~iation could refect  input from this receptor 
area. 
In contrast to the low numbers of neurons with re- 
ceptive fieldson both the epiglottis and oral cavity, 
almost 50% of the OC neurons had two receptive 
fields. These receptive fields were located on the 
tongue and palate and were positioned so that the re- 
ceptive field on the tongue was directly beneath its 
counterpart on the palate (Fig. 2). Most of the neu- 
rons with two receptive fields responded only to me- 
chanical stimuli which is similar to findings in the rat 
NTS 44. Neurons with multiple receptive fields lo- 
cated in different regions of the oral cavity also have 
been observed in the rostral regions of the rat, ham- 
ster and chicken NTS 2°'44"63"~, and in the parabrachi- 
al pons 43,45, and many neurons in the trigeminal sys- 
tem receive inputs from two or more of the trigeminal 
divisions 1. Travers et al.e4 studied the convergence of 
gustatory input from different receptor amas onto 
neurons in the rostral gustatory areas of the NTS. 
Similar to the results in the present study, they found 
that neurons which received converging taste inputs 
usually had receptive fields that were opposite each 
other on the tongue and palate. 
In summary, we have found that the majority of 
neurons in reflexogenic areas of the NTS responde0 
to more than one stimulus modality and many OC 
neurons received converging inputs from the tongue 
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and palate. This suggests an important integrative 
function for these neurons in processing information 
relevant to the elicitation or control of ingestive and 
protective reflexes. 
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